1. Introduction {#s0005}
===============

Planar chromatographic analysis hyphenated with the biological detection method is termed as bioautography [@bib1]. It is an effective and inexpensive technique for the phytochemical analysis of plant extracts to identify bioactive lead/scaffolds. It can thus be performed both in highly developed laboratories as well as in small research laboratories which have minimum access to sophisticated equipments [@bib2]. Despite having sophisticated on-line high-performance liquid chromatography coupled bioassays, bioautography offers a simple, rapid and inexpensive method for the chemical and biological screening of complex plant extracts, with subsequent bioassay-guided isolation [@bib3]. In 1946, Goodall and Levi [@bib4] introduced paper chromatography (PC)-based bioautography for the first time to estimate the purity of penicillin. In 1961, Fisher and Lautner [@bib5] and Nicolaus et al. [@bib6] introduced thin layer chromatography (TLC)-based bioautography. The first review on bioautography was written by Betina in 1973 [@bib7]. Generally, planar chromatographic, viz. TLC and PC are used for bioautography, but the detection method can be successfully improved by the application of advanced chromatographic tools, namely, high performance thin layer chromatography (HPTLC), over-pressured layer chromatography (OPLC), and planar electro chromatography (PLC). The major applications of bioautography are the fast screening of a large number of samples for bioactivity, namely, antibacterial, antifungal, antioxidant, enzyme inhibition, etc. and in the target-directed isolation of active compounds [@bib8], [@bib9], [@bib10], [@bib11]. In this review, the techniques and application of bioautography are discussed in details with suitable examples.

2. Detection of anti-microbial agents by bioautography {#s0010}
======================================================

PC and TLC have become tools in the screening of antimicrobial agents through bioautography. Three bioautographic methods, namely, (i) agar diffusion or contact bioautography, (ii) direct TLC bioautographic detection and (iii) immersion or agar overlay bioautography are used to detect antimicrobial agents in a mixture of compounds [@bib12], [@bib13].

2.1. Agar diffusion or contact bioautography {#s0015}
--------------------------------------------

In contact bioautography, antimicrobial agents diffuse from a developed TLC plate or paper to an inoculated agar plate [@bib14], [@bib15], [@bib16]. The chromatogram is placed face down onto the inoculated agar layer for a specific period to enable diffusion. Then the chromatogram is removed and the agar layer is incubated. The zones of inhibition on the agar surface, corresponding to the spots in chromatographic plates, are indicative of the antimicrobial substances. An overall view of contact bioautography has been depicted in [Fig. 1](#f0005){ref-type="fig"}. Incubation time for the growth ranges between 16 and 24 h but it can be reduced to 5--6 h by spraying with 2,6-dichlorophenol-indophenol or 2,3,5-tetrazoliumchloride [@bib17]. The disadvantages of contact bioautography are difficulties in obtaining complete contact between the agar and the plate and adherence of the adsorbent to the agar surface. Another problem may arise due to the differential diffusion of components, especially water-insoluble, from the chromatogram to the agar plate. To overcome these difficulties, Wagman and Bailey [@bib12] introduced Chrom-AR and silicic acid/glass fiber sheets for bioautography of antimicrobial compounds. The principle of the method was the same and antimicrobials had to be transferred from the chromatographic plates to agar causing their loss and dilution. Another special case is bioautographic detection of 6-aminopenicilanic acid which is a very weak antibiotic and must be converted through phenyl acetylation to benzyl penicillin by spraying chromatographic plates or paper with acetyl chloride in mild alkaline condition before bioautography [@bib18]. This is a technique familiar to the microbiologists in search for antibiotics from microorganisms, and different procedures have been used to improve its performance [@bib19]. Sphaerococcenol A, a bromoditerpene antibiotic, was isolated by contact bioautography [@bib20]. Three carboxylic polyether antibiotics, namely, monensin, lasalocid and salinomycin, were isolated using contact bioautography by VanderKop et al. [@bib21]. Eight different antifungal agents were isolated from the bark of *Bridelia retusa* using contact bioautography [@bib22]. The development of HPTLC has improved resolution and sensitivity over TLC [@bib23]. Application of HPTLC also reduced the consumption of time and solvents. Through HPTLC-contact bioautography, Ramirez et al. [@bib24] showed multiple antibiotic residues in cow׳s milk. TLC contact bioautographic assay was introduced by Shahverdi et al. [@bib25] for the detection of antibiotic resistance reversal agents.Fig. 1Schematic overview of contact bioautography.

2.2. Direct TLC bioautographic detection {#s0020}
----------------------------------------

In direct TLC bioautography, the developed TLC plate is sprayed with or dipped into a fungal or bacterial suspension ([Fig. 2](#f0010){ref-type="fig"}). A suspension of test bacteria or fungi is used for the spraying or dipping purpose. An inoculam of absorbance of 0.84 at 560 nm was suggested for bacteria like *Staphylococcus aureus* [@bib26], while using a suspension of 10^6^ CFU/mL could be employed for both bacteria and fungi [@bib27]. The bioautogram is then incubated at 25 °C for 48 h under humid condition. For visualization of microbial growth, tetrazolium salts are used. These salts are converted by the dehydrogenases of living microorganisms to intensely colored formazen [@bib28]. These salts are sprayed onto the bioautogram and are reincubated at 25 °C for 24 h [@bib28] or at 37 °C for 3--4 h [@bib29], [@bib30]. Clear white zones against a purple background on the TLC plate indicate antimicrobial activity of the sample [@bib31]. Okusa et al. [@bib32] incorporated a new medium for direct TLC bioautography which is fluid enough to disperse microorganisms and viscous enough to adhere to the TLC plates; according to them a mixture of Muller--Hinton (MH) broth and MH agar in the ratio of 90:10 fulfils this requirement. Homans et al. [@bib33] found that direct spraying of the thin-layer chromatograms with a spore suspension of the test fungus in glucose--mineral salts medium was the easiest technique for the detection of fungitoxic substance, and it also gave the most reliable results [@bib33]. Direct bioautographic methods have been described for spore-producing fungi such as *Aspergillus*, *Penicillium* and *Cladosporium* [@bib33] and also for bacteria [@bib34], [@bib35]. *Bacillus subtilis*, *S. aureus* and *Escherichia coli* are used to identify the active compounds. p-Iodonitrotetrazolium violet is the most suitable detection reagent [@bib35]. TLC bioautography showed *Pseudomonas cepacia* B37W produces an antifungal compound pyrronitrin which acts against potato׳s dry root invasion in nanogram level at the wound sight [@bib36]. A cyclopeptide antibiotic named condaline-A has been isolated from the bark of *Condalia buxifolia* along with the other antibiotics adoutine-Y^/^, scutianine-B and scutianine-C, and has been established using direct bioautography [@bib37]. Separation of erythromycin from its base to identify systemic concentration of erythromycin was established through direct TLC and PC bioautography by Esterbrook et al. [@bib38]. A simple bioautographic technique has been used in laboratories for many years to detect fungitoxic substances according to Weltzine et al. [@bib39], and modified by Dekhuijzen et al. [@bib40]. In this technique, chromatograms are developed on Whatman no. 3 mm paper with propanol--water (85:15) and after drying are sprayed with a conidial suspension of *Glomerella cingulata*. After incubation clearly visible inhibition zones indicate the presence of fungitoxic compounds. TLC-direct bioautography is also useful for the rapid chemical and biological screening of plant extracts [@bib41]. Once an activity has been located at the TLC plate, the sample can be analyzed by liquid chromatography-mass spectrometry to establish whether known or new compounds and/or substance classes are involved. This screening strategy concerns rapid detection of antibacterial and antifungal compounds [@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50], [@bib51]. Choma et al. [@bib52], [@bib53], [@bib54] in his review on TLC-bioautography indicated plenty of examples of analysis on bacteria and fungi for the detection of antimicrobial activity of antimicrobial agent through bioautography and bioluminicence [@bib52], [@bib53], [@bib54], [@bib55], [@bib56]. The BioLuminizer™ system (commercialized by Camag, Muttenz, Switzerland), which is a general detection system for bioactive substances, uses *Vibrio fischeri*, a non-pathogenic gram negative marine bacterium. This is an intrinsic bioluminescence, emitting a greenish light as a product of cellular respiration at a critical cellular density. Luciferase, the bioluminescence catalyst, is expressed and catalyzes an oxidation reaction that releases excess energy in the form of light [@bib57]. After migration, the TLC plate is coated with the bioluminescent bacteria which produce dark spots on a luminescent background with toxic or bioactive compounds [@bib58]. This method is suitable for the detection of toxins and chemical adulterants in food, beverages, cosmetics, waste water and drinking water in picogram quantities. Du and Li [@bib59] used this luciferase assay for evaluation of estrogenic activity of *Mucuna sempervirens* extracts. The bioautographic method can be extended for use in 2D-TLC experiments [@bib60]. In 2D-TLC direct bioautography, TLC plates are developed once with a polar solvent, turned 90°, and then developed again with a non-polar solvent system. The TLC plates are then dried and sprayed with a nutrient broth seeded with microbial suspension, and the microbial culture is grown directly on the silica gel surface of the TLC plate. The advantage of this method is that migration in each of the two dimensions can be brought about with solvents of very different polarities. 2D-TLC direct bioautography has been found to be useful for the detection of inhibitors of the plant pathogens, viz. *Colletotrichum acutatum*, *Colletotrichum fragariae* and *Colletotrichum gloeosporioides* [@bib60]. Antifungal activity of chromenes from *Peperomia serpens* (Sw.) Loudon (Piperaceae) was established by the direct bioautographic assay technique against *Cladosporium cladosporioides* and *Cladosporium sphaerospermum* [@bib61]. Tyiháka et al. [@bib62] introduced a new system of bioautography known as bio-arena where they combined OPLC with bioautography. Separation in an OPLC system results in better-defined spots than in conventional TLC and HPTLC separations. A number of applications have been reported, including the investigation of chelidonium alkaloids [@bib63].Fig. 2Schematic diagram indicates the direct bioautographic process.

2.3. Immersion or agar overlay bioautography {#s0025}
--------------------------------------------

Agar overlay is a combination of contact and direct bioautography. In this method, the chromatogram is covered with a molten, seeded agar medium. After solidification, incubation and staining (usually with tetrazolium dye), the inhibition or growth bands are visualized ([Fig. 3](#f0015){ref-type="fig"}) [@bib64], [@bib65], [@bib66]. For Gram-negative bacteria, an agar solution containing the red-colored bacterium *Serracia marcescens* can be employed. The red-colored gel is incubated overnight at room temperature and inhibition zones appear as white or pale yellow areas on a red background [@bib67]. With other, colorless, microorganisms, zones of microbial growth inhibition are visualized with the aid of a dehydrogenase activity-detecting reagent (tetrazolium salt). Metabolically active microorganisms convert the tetrazolium salt (MTT) into the corresponding intensely colored formazan ([Fig. 4](#f0020){ref-type="fig"}).Fig. 3Schematic diagram of immersion or agar overlay bioautography.Fig. 4Reduction of tetrazolium salts.

The agar overlay assay has been used for yeasts such as *Candida albicans* and can also be applied to bacteria such as *B. subtilis*, *E. coli*, *Pseudomonas aeruginosa* and *S. aureus* [@bib48], [@bib68]. The antibacterial activity of isoflavonoid and sesquiterpenoid phytoalexins has been evaluated by an overlay method using *Pseudomonas syringae pv. phaseolicola*, with 2,3,5-triphenyl-tetrazolium chloride (TZC) as visualizating reagent. Addition of glycerol to the overlay nutrient medium, as a carbon source, facilitated the reduction of TZC to pink colored formazans by bacterial dehydrogenases [@bib69]. Antimicrobial carotenoids have been characterized in *Bixa orellana* seed extracts [@bib70]. The antibacterial activity was detected by overlaying TLC plates with agar containing *S. aureus* and then spraying with tetrazolium salt (INT) [@bib70]. Cytrynska et al. [@bib71] characterized eight antimicrobial peptides from *Galleria mellonella* larvae immune hemolymph using tricine SDS-PAGE bioautography. Several antimicrobial compounds were isolated from *Tylosema esculentum* husks, cotyledons, and tubers by employing agar overlay bioautography using *S. aureus*, *E. coli*, *B. subtilis*, *P. aeruginosa* and *C. albicans* as test microorganisms [@bib72].

3. Detection of antioxidant agents by bioautography {#s0030}
===================================================

3.1. Bioautography using DPPH as detection reagent {#s0035}
--------------------------------------------------

The stable 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) has an absorption maximum at 517 nm, which decreases upon reduction through reaction with a radical scavenger [@bib73]. The corresponding color change can thus be observed in a TLC bioassay [@bib74]. The reaction has been depicted in [Fig. 5](#f0025){ref-type="fig"}. The developed chromatogram is sprayed with a solution of 0.2% DPPH in methanol/ethanol. The plate is examined in daylight after 30 min. Free-radical scavengers appear as cream/yellow spots against a purple background. The intensity of the yellow color can be measured with a chromameter. Rossi et al. [@bib75] identified the radical scavenging molecules in essential oil from *Croton lechleri* and successfully compared the antioxidant potential with thyme oil. Four antioxidant compounds, viz. rosmarinic acid, luteolin, apigenin, and chrysoeriol, were the isolated fruit of *Perilla frutescens* var. *acuta* by bioautography on TLC using DPPH as a detection reagent [@bib76].Fig. 5Reaction of DPPH radical with radical scavengers.

3.2. Bioautography using ABTS as detection reagent {#s0040}
--------------------------------------------------

2,2-Azino-bis(3-ethylbenzthiazoline-6-sulfonic) acid (ABTS) radical scavenging method can be extended to TLC plates [@bib77]. The reaction involved is shown in [Fig. 6](#f0030){ref-type="fig"}. Layers stained with ABTS show a green background and radical scavengers give colorless or pink spots. However, DPPH is more stable on the plates and gives a more homogeneous coloring of spots [@bib74].Fig. 6Reaction of ABTS radical with radical scavengers.

3.3. Bioautography using β-carotene as detection reagent {#s0045}
--------------------------------------------------------

Completely dried TLC chromatograms are sprayed with a 0.05% solution of β-carotene in chloroform. They can be left at room temperature for decolorization of the background or they can be placed under 366 nm UV light. Active compounds remain as yellow-orange spots on a white background [@bib78]. A schematic overview is depicted in [Fig. 7](#f0035){ref-type="fig"}.Fig. 7Schematic diagram of inhibition of bleaching of β-carotene.

3.4. Inhibition of bleaching of β-carotene induced by auto-oxidation of linoleic acid {#s0050}
-------------------------------------------------------------------------------------

Dry TLC plates are sprayed with a mixture of linoleic acid in ethanol and β-carotene in chloroform. After exposing the plate to sunlight, antioxidant activity is shown by the presence of orange spots on a white background [@bib79].

4. Enzyme inhibition {#s0055}
====================

Enzymes are important molecular targets for lead discovery in primary screening assays. The use of a TLC support to screen for potential plant-derived enzyme inhibitors is a rapid method which is relatively free of disturbances due to the solvent.

4.1. Bioautographic detection of acetyl cholinesterase (AchE) inhibitor {#s0060}
-----------------------------------------------------------------------

### 4.1.1. Detection by diazotization {#s0065}

The basic principle of this method is that the enzyme converts α-naphthyl acetate (substrate) into α-naphthol. α-Naphthol reacts with fast blue B salt (chromogenic agent) to make a purple colored background on the TLC plates, while AchE inhibitors produce white spots. Enzyme inhibitors block the formation of α-naphthol and hence no purple coloration is produced ([Fig. 8](#f0040){ref-type="fig"}). Samples were applied to silica gel TLC plate and migrated in a suitable solvent. After complete removal of solvents, the AchE solution is sprayed. The enzyme is allowed to incubate for 20 min at 37 °C and is then sprayed with a mixture of 1-naphthyl acetate and fast blue B salt. After 1--2 min, AchE inhibitors show white spots on a purple background [@bib80]. Detection limits for AchE inhibitors remain within the nanogram level [@bib9]. This bioautographic method offers a rapid identification of a large number of AchE inhibitors.Fig. 8Reaction between acetylcholine esterase with α-napthyl acetate, produced α-napthol again reacts with fast blue B salt to produce purple colored azo dye.

Another variant of the bioassay [@bib81], [@bib82] uses β-naphthyl acetate and enzyme solution in the TLC elution solvent and incubated with enzyme for 10 min. This method supposedly gives a deeper violet background color and higher sensitivity of detection. However, β-naphthyl acetate is considerably more expensive than α-naphthyl acetate. To overcome the cost of the experiment, Yang et al. [@bib83] uses 4-methoxy phenyl acetate as substrate for AchE and a mixed solution of K~3~(FeCN)~6~ and FeCl~3~·6H~2~O as chromogenic agent. In this method, the spot appeared as a light yellow spot and the other parts are aquamarine blue. The consumption of the enzyme is satisfactory. A microplate assay has been developed for the diazotization method [@bib84]. This gives a quantitative result (such as IC~50~ values), but TLC assays, which are useful as qualitative methods, are in general more sensitive than microplate assays. However, there was a good correlation between the TLC bioautographic assay and the solution assay. Queiroz et al. [@bib85] showed that dichloromethane extract of the aerial parts of *Blumea gariepina* (Asteraceae) was found to be active against AchE. Seven new AchE inhibitors were isolated from this plant through bioautography. The original detection method by diazotization has been employed to screen Amaryllidaceae species for AChE inhibition [@bib86].

### 4.1.2. Detection by the Ellman reaction {#s0070}

The Ellman method for the colorimetric determination of AchE activity was first described in 1961 [@bib87]. Acetylthiocholine (ATCI) is cleaved by AchE to form thiocholine which reacts with 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB) to give the yellow 5-thio-2-nitrobenzoate anion ([Fig. 9](#f0045){ref-type="fig"}). It could be adapted for the TLC screening of AchE inhibitors [@bib88]. In this method, a solution of DTNB and ATCI is sprayed on the chromatogram (after complete removal of solvents), followed by spraying with AchE. A pale yellow background forms within about 5 min. AchE inhibitors appear as white spots. The Ellman reaction is more difficult to visualize than the diazotization method. False positive effect is possible with the presence of aldehydes [@bib89]. An indole alkaloid from *Tabernaemontana australis* showed considerable AchE inhibitory activity and it is evaluated through the Ellman reaction on the TLC plate [@bib90].Fig. 9Ellman reaction.

4.2. α and β-glucosidase inhibition {#s0075}
-----------------------------------

Glucosidase inhibitors are potentially useful as antidiabetic, anti-obesity, antiviral, antiadhesive, antibacterial or antimetastatic agents [@bib91]. Screening methods for glucosidase inhibitors include spectrophotometry with o- or p-nitrophenyl-β-[d]{.smallcaps}-glucopyranoside as substrate [@bib92], [@bib93] or an agar plate method [@bib94]. Both of these have limitations. With p-nitrophenyl-β-[d]{.smallcaps}-glucopyranoside, glucosidases cleave the sugar, to develop a yellow background due to the formation of p-nitrophenol. However, this is only observed on the TLC plate at pH 7.5 and the zone of inhibition remains poorly visible. No yellow background color is observed in the corresponding test with p-nitrophenyl-β-[d]{.smallcaps}-glucopyranoside [@bib95]. In TLC-bioautography, the chromatogram is sprayed with enzyme solution in appropriate buffer. An alternative is a test which involves the cleavage of 2-naphthyl-β-[d]{.smallcaps}-glucopyranoside or 2-naphthyl-α-[d]{.smallcaps}-glucopyranoside by respective α- or β-glucosidase inhibitors [@bib96]. The β-naphthol which is formed reacts with fast blue B salt, to give a purple colored diazo dye ([Fig. 10](#f0050){ref-type="fig"}) [@bib96]. For the detection of the active enzyme, the solutions of 2-naphthyl-α-[d]{.smallcaps}-glucopyranoside (for α-glucosidase) or 2-naphthyl-β-[d]{.smallcaps}-glucopyranoside (for β-glucosidase) in ethanol and fast blue Bsalt in distilled water are prepared. The naphthyl-glucopyranoside solution and the fast blue B salt solution are mixed at a ratio of 1:1 (for α-glucosidase) or 1:4 (for β-glucosidase). The mixture is sprayed onto the plate to give a purple coloration within 2--5 min. A TLC assay has previously been established for the detection of β-glucosidase inhibitors. It is based on the hydrolysis of esculin into esculetin which reacts with FeCl~3~ to provide a brown complex [@bib65], [@bib97].Fig. 10Diazotization reaction for the detection of α and β-glucosidase inhibition.

4.3. Xanthine oxidase inhibition {#s0080}
--------------------------------

The enzyme xanthine oxidase (XO) catalyzes the oxidation of hypoxanthine and xanthine to uric acid and producing ${O_{2}}^{-}$ and H~2~O~2~. The inhibition of XO diminishes oxidative stress and exhibits prophylactic role on inflammation, arteriosclerosis, cancer, aging, etc. [@bib65]. To identify XO inhibitors on TLC plates, the enzyme is suspended in agar and distributed on the TLC plate (direct measurement of enzyme activity on the TLC plate is not possible). After solidification, the plate is immersed into a solution of xanthine at 38 °C for 20 min in the dark. Enzymatic oxidation of xanthine produces ${O_{2}}^{-}$ which reduces the pale yellow tetrazolium salt (NBT) to a formazan and hence a purple background is obtained on the plate ([Fig. 11](#f0055){ref-type="fig"}). Allopurinol, an inhibitor of XO, is detected as a white spot on the purple background. This method could determine the nanogram level of XO inhibitor. A modification of the test, in which ${O_{2}}^{-}$ is generated chemically, allows the distinction between pure inhibitors of XO, such as allopurinol and radical scavengers [@bib98].Fig. 11Reaction to detect xanthine oxidase inhibitors.

5. Detection of estrogenic compounds {#s0085}
====================================

Estrogen receptor agonists include natural and synthetic hormones, phytoestrogens and chemicals such as metabolites of alkyl-phenol extoxylate, bisphenol A, parabens, benzophenons and phthalates [@bib99]. Muller et al. [@bib1] first observed that an estrogenic compound can be bioautographed using production capacity of β-galactosidase enzyme from yeast cell. This process is also known as the HPTLC-YES (yeast estrogen screen) procedure [@bib1]. This is a reporter gene assay which had been developed for the assessment of the estrogenic potency of individual substances. Here 4-methyl umbelliferyl β-[d]{.smallcaps}-galactopyranoside (MUG) is used as a fluorogenic substrate on which the enzyme β-galactosidase works and converts it into 4-methyl umbelliferone ([Fig. 12](#f0060){ref-type="fig"}). Chlorophenol red β-[d]{.smallcaps}-galactopyranoside a chromogenic substrate can also be used in place of MUG but the sensitivity of the test was the highest in the case of MUG.Fig. 12Schematic diagram of the HPTLC-YES process.

6. Conclusion {#s0090}
=============

In spite of wide employment of sophisticated chromatographic techniques coupled with on-line bioassays, bioautography is still proving its worth as a simple and inexpensive tool for simultaneous chemico-biological screening of natural sources. In other word, it offers the simplest mean of bioassay guided lead discovery from natural products. For the natural product the separation process is not easy, and if separated the amount is very less in maximum cases, so it is necessary to develop a process which can detect lead in a small amount and biological activity can also be measured successively. Considering these problems, we can say that bioautographic detection technique would create a new era in separation science.
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